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Abstract: A Pd/Ni bimetallic nanostructured electrocatalyst was fabricated via a two-step reduction route. Owing to an

epitaxial growth of Pd atoms on the surface of Ni nanoparticles, heterostructured Pd/Ni nanocomposites were formed and

verified by high resolution transmission electron microscopy combined with energy-dispersion X-ray spectroscopy. X-ray

diffraction confirmed that the as-prepared Pd/Ni nanocomposites possessed a single face-centered-cubic (fcc) Pd structure,

probably due to a weaker diffraction intensity of metallic Ni and/or overlapping by that of Pd. The intrinsic catalytic activity

on the Pd/Ni is higher than that on the Pd. Moreover, the durability of formic acid oxidation on the Pd/Ni was much enhanced

over the Pd nanoparticles. The change in electronic structure of the surface coordination unsaturated Pd atoms and the possible

dissolution of Ni species from the Pd/Ni heterostructure may account for such an improved durability for formic acid

oxidation.
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1 Introduction

Direct formic acid fuel cell (DFAFC) has at-
tracted much attention for portable application due
to its high energy density, facile power-system inte-
gration, nontoxic, and convenient storage and trans-
port of liquid formic acid™. For the DFAFCs, Pd-
based nanostructured materials have been common-
ly used as anode catalysts; generally because of their
high catalytic activity for formic acid oxidation, but
also because of lower cost and greater abundance
than Pt™. Recent studies have shown that Pd is an
efficient catalyst for formic acid oxidation to final
product CO, through a “direct pathway”, which
could overcome the (CO), poisoning effect and
thereby yield a high performance in a DFAFC .
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However, the very limited durability of Pd-based
catalysts for formic acid oxidation has seriously re-
stricted the practical application of the DFAFC.
Therefore, synthesis of modified Pd based nanocata-
lysts with improved durability for formic acid oxida-
tion still remains a big challenge.

Several strategies have been utilized for the
modification of the Pd to enhance the durability of
the catalyst for formic acid oxidation. Generally, the
modification of the Pd by a second metal would re-
sult in an improved performance due to synergistic
effect and to the change in electronic structure in the
surface coordination unsaturated atoms (CUS). For
example, Wang et al reported a PdCo/C catalyst
with the improved activity and durability relative to
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their as-prepared Pd/CPFl. Haan and his colleagues
prepared a novel PdSb nanostructured catalyst that
exhibits enhanced durability over the Pd/C during
the electrocatalytic oxidation of formic acid®. Theo-
ry investigation based on density functional theory
by Ngrskov et al. also suggests that the modification
of Pd by the other transition metals will lead to a
variation in d-band center, and thus the electrocatalyt-
ic properties would be improved significantly ™,
Furthermore, the modification of Pd by Ni would
lead to the decrease in d-band center, which will im-
prove the CO-tolerance™..

In this work, aiming at the improved durability
for formic acid oxidation, the heterostructured cata-
lyst of Pd decorated on the surface of Ni nanoparti-
cles was prepared. Its electrocatalysis for formic
acid oxidation was investigated and compared with
that of Pd nanoparticles. The formation of het-
erostructure and the effect of electronic structure on
formic acid oxidation will be discussed in detail.

2 Experimental

The Pd/Ni catalyst was synthesized by a
two-step reduction route under the protection of
high-purity nitrogen in an iced bath. Firstly, 8 mL of
0.2 mol - L' Ni(NOs),, 5 mL of 64 mmol - L sodium
citrate and 50 mL of ultra-pure water were mixed
ultrasonically for 15 min. Then, 10 mL of 1.6 mol -
L' NaBH, solution was added into the above mix-
ture at a rate of 20 mL -h™ under vigorous stirring,
leading to the formation of Ni nanoparticles. In sec-
ond step, both 20 mL of 40 mmol-L" Na,PdCl, solu-
tion and 20 mL of 0.16 mol -L"' NaBH, solution
were synchronously added into the solution of Ni
nanoparticles at a rate of 20 mL +h". The mixture
was stirred for another 60 min. Then, the resultant
catalyst was filtrated and washed with ultra-pure
water for more than three times. For the preparation
of Pd nanoparticles, only the second step was per-
formed.

XRD measurements were conducted using a
Bruke D8 Advanced XRD diffractometer with Cu
K, radiation (A = 0.154 06 nm). The tube voltage
was maintained at 40 kV and the tube current at 100

mA. Diffraction patterns were collected at a
scanning rate of 2°-min” and a step size of 0.02°.
The morphology of the catalysts was characterized
using a JEOL JEM-2100F TEM with an energy-dis-
persive X-ray spectroscopy (EDS) detector operated
at 200 kV. The samples were prepared by ultrasoni-
cally suspending catalyst power in ethanol. A drop
of suspension was then placed onto a holey copper
grid and dried under air. The analysis of the atomic
composition of the catalyst was performed with an
IRIS advantage inductively coupled plasma atomic
emission spectroscopy (ICP-AES).

Electrochemical experiments were carried out
using Solartron Electrochemical Interface SI1287
with a standard three-electrode cell. 10 mg of the
catalyst, 0.5 mL of 5wt.% Nafion solution, and 2.5
mL of ultrapure water were mixed ultrasonically to
form the catalyst ink. Subsequently, 3 L of such a
mixture was transferred onto the surface of glassy
carbon (GC, 3 mm in diameter) electrode. The elec-
trolyte used was 0.5 mol -L" H,SO, or 0.5 mol -L"
H,SO,+ 0.5 mol -L"' HCOOH solution. High purity
nitrogen was introduced for the deaeration of the so-
lutions. To determine the real electrochemical sur-
face area (ECSA) of the catalyst, cyclic voltammo-
grams (CVs) and CO-stripping voltammograms
were conducted. For the CO-stripping, CO was
pre-adsorbed at an open circuit potential for 30 min
by bubbling CO into 0.5 mol -L" H,SO, solution,
and then CO dissolved in solution was subsequently
removed by purging high-purity N, for 30 min. In all
cases, electrochemical measurements were conduct-
ed at a temperature of (25 = 1) C.

3 Results and Discussion
Morphologies of the Pd/Ni and Pd nanoparti-
cles were investigated using TEM technology. Fig.
1A indicates that the Pd/Ni is a nanostructured ma-
terial with an average particle size of ca. 5.1 nm
based on the observation of more than 100 isolated
particles. In contrast, the mean particle size of pure
Pd nanoparticles is ca. 4.8 nm, as estimated from
Fig. 1B. From the Fig. 1A and 1B, one can observe
a serious aggregation for both the Pd/Ni and Pd
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nanoparticles. High-resolution TEM image in Fig.
1C demonstrates that the Pd/Ni nanocomposite is
composed of two parts, as lined out with green and
red frames. The observed result is fully repeatable.
A farther investigation using EDS indicates that the
two parts are pure Pd and Ni, respectively, as shown
in Fig. 1D and 1E, clearly demonstrating the forma-
tion of the heterostructured Pd/Ni nanocomposites.
The conclusion is confirmed by the results with se-
lected area electron diffraction (SAED), as can be
seen in Fig. 1D and 1E. The appearance of Ni ele-
ment in the Pd parts, as well as the appearance of Pd
element in the Ni parts, may be due to Kirkendall
effect, which results in atoms diffusion in the junc-
tions of the particles. The heterostructure formation
may be due to an inherent lattice mismatch between

Pd and Ni'"”. Once the reduction reaction of PdCli_

ions occurs, the Pd atoms prefer to the epitaxial
growing on the surface of the Ni nanoparticles,
rather than self-nucleation, owing to a lower Gibbs
free energy for the growth than nucleation'". Subse-
quently, because of a large lattice mismatch between
Pd and Ni, the Gibbs free energy for the growth on
the Pd is lower than that on the Ni, and then the Pd
atoms will continue to grow on the surface of the
formed Pd. Finally, the atomic ratio of the Pd/Ni is
very close to 1:2, as confirmed by ICP-AES tech-
niques.
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Fig. 1 TEM images of the Pd (A) and Pd/Ni (B) catalysts,
HR-TEM image of the Pd/Ni catalyst (C), and EDS
with corresponding SEAD results from separated parts
of a single Pd/Ni nanoparticle (D and E).

Fig. 2 shows the XRD patterns of the Pd/Ni and
Pd catalysts. For a comparison, the diffraction peaks
of both metallic Pd (JCPDF Card No. 87-0641) and
Ni (JCPDF Card No. 65-2865) are also given in the
Fig. 2, corresponding to the blue dash and red dot
lines, respectively. Both prepared samples exhibit a
typical characteristic diffraction patterns of the Pd
fee structure ', No remarkable diffraction peaks,
assigned as metallic Ni, were observed, indicating
that the Pd/Ni composites also have a single fcc
structure. Such a conclusion is not in agreement
with TEM results, probably due to a weaker diffrac-
tion intensity of the Ni and overlapping by that of
Pd. In addition, the diffraction peak located at ca. 30°
can be ascribed to the Pd oxides for the Pd nanopar-
ticles”. The average particle sizes for the Pd/Ni and
Pd nanoparticles, as calculated from the diffraction
peak (220) using Scherrer’s equation, are 4.4 and
4.1 nm, respectively. The obtained values are slight-
ly smaller than that by TEM. The estimated mean
particle size of the Ni nanoparticles before Pd reduc-
tion is ca. 3 nm by using Scherrer’s equation, indi-
cating that the mean thickness of Pd in the Pd/Ni
nanocomposites is ca. 1.4 nm.

Fig. 3 presents the CVs and the CO-stripping
profiles of the Pd/Ni and Pd catalysts, and all of the
currents were normalized to the ECSAs, or ECSASq.
As can be seen in Fig. 3A, both catalysts show the
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Fig. 2 XRD patterns of the as-prepared Pd/Ni and Pd nanocat-
alysts. The blue dash and magenta dot lines are the
diffraction lines of the metallic Pd and the Ni from
JCPDF cards 87-0641 and 65-2865, respectively.
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typical hydrogen adsorption/desorption region of the
Pd. By calculating hydrogen desorption region area,
the specific ECSAsy can be estimated as 3.50 and
10.08 m*- g for the Pd/Ni and Pd nanoparticles, re-
spectively. Similarly, the specific ECSAs, calculat-
ed from CO oxidation peak in Fig. 3B are 3.82 and
11.17 m*-g" for the Pd/Ni and Pd catalysts. Interest-
ingly, the CO oxidation peak on the Pd/Ni shifts
negatively relative to that on the Pd nanoparticles,
probably revealing that the CO-like species, pro-
duced during the formic acid oxidation, can be re-
moved more easily. This can be ascribed to the
change in the electronic structure, probably caused
by the Ni atoms diffusion into the Pd at the Pd/Ni
junctions. Normally, the down-shift of the d-band
center implies less electrons in the 4d orbit of the
CUS Pd can be back-donated to the 27* orbit of
(CO),q. Thus, the bonds formed between CO and the
CUS surface Pd atoms on the Pd/Ni are weaker than
that on the Pd. Consequently, the Pd/Ni exhibits an
enhanced CO-tolerance®™*".

The electrocatalytic activity of formic acid oxi-
dation on both the catalysts was evaluated in 0.5
mol-L!' HCOOH + 0.5 mol - L H,SO, solution, and
the current was normalized to the ECSAsq. From
Fig. 4A, one can see that the peaks of the oxidation
currents on the Pd/Ni are higher than that on the Pd,
indicating that the electrocat alytic activity on the

Pd/Ni is higher than that on pure Pd nanoparticles.
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Furthermore, the durability of the Pd/Ni catalyst to-
ward the formic acid oxidation is much enhanced
over the Pd nanoparticles. As seen in Fig. 4B, the
oxidation current on the Pd/Ni decays by ca. 56.3%
after ca. 30 min polarization, whereas the oxidation
current on the Pd catalyst decays by ca. 96.5%. Two
reasons might account for the improved catalytic ac-
tivity and durability of the Pd/Ni for formic acid oxi-
dation. At first, the variation of the electronic struc-
ture in the CUS atoms leads to an enhancement in
CO-tolerance, verified by CO stripping. Secondly,
the dissolution of the Ni species within the Pd/Ni
nanocomposites, as confirmed by ICP-AES, may

prevent the Pd atoms from corrosion since the stan-

dard potential of the PACL, /Pd (0.591 V, vs. SHE)
is higher than that of the Ni*/Ni (-0.257 V, vs.

SHE )™, In reproducible measurements, 100 mL of
the electrolyte was collected and evaporated to ob-
tain 10 mL of the solution. The concentrations of
Pd* ions in the electrolyte are 0.251 and 0.426 mg-L"
after being polarized for 900 and 1800 s for the
Pd/GC, respectively. For a comparison, the concen-
trations of Pd* ions for the Pd/Ni GC are 0.152 and
0.201 mg -L", and the Ni* ions were 0.307 and
0.427 mg-L". Therefore, the Pd/Ni ratio on the GC
after being test for 30 min is 4.1:1, estimated from
the ICP-AES results.

4 Conlusions
In summary, the Pd/Ni heterostructured catalyst

P
2l —Pd/Ni

jlAm)

02 00 02 04 06 08

E/N(vs. SCE)

Fig. 3 CVs and CO-stripping voltammograms at a scan rate of 20 mV-s” in 0.5 mol - L' H,SO,. The current densities are normalized

to ECSAsy in Fig. 3A and to ECSAsy, in Fig. 3B.
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Fig. 4 CVs at a scan rate of 50 mV -s” and CA curves at a given potential of 0.16 V vs. SCE for formic acid oxidation on the Pd and
Pd/Ni catalysts in 0.5 mol -L"" HCOOH + 0.5 mol -L"! H,SO,. The current densities are normalized to the ECSAsq, of the

catalysts.

was successfully synthesized via a two-step reduc-
tion procedure. The -electrocatalytic activity of
formic acid oxidation on the heterostructured Pd/Ni
is higher than that on pure Pd nanoparticles, and the
durability of the Pd/Ni catalyst is greatly enhanced.
The change in electronic structure of the surface
CUS Pd atoms and the possible dissolution of the Ni
species from the Pd/Ni heterostructure may account
for such an improved catalytic activity and durabili-
ty for the oxidation of formic acid.
Acknowledgements

This work was supported by the National Basic
Research Program of China (973 Program) (No.
2012CB932800), the Natural Science Foundation of
China (No. 21073219), Shanghai Science and Tech-
nology Committee (No. 11DZ1200400) and the
Knowledge Innovation Engineering of the CAS (No.
12406, No. 124091231).

References:

[1] WangJ Y, Zhang H X, Jiang K, et al. From HCOOH to
CO at Pd electrodes: A surface-enhanced infrared spec-
troscopy study[J]. Journal of the American Chemical So-
ciety, 2011, 133(38): 14876-14879.

[2] Zhang H X, Wang S H, Jiang K, et al. In situ spectro-
scopic investigation of CO accumulation and poisoning
on Pd black surfaces in concentrated HCOOH][J]. Journal
of Power Sources, 2012, 199(1): 165-169.

[3] Yu X W, Pickup P G. Mechanistic study of the deactiva-
tion of carbon supported Pd during formic acid oxidation
[J]. Electrochmistry Communications, 2009, 11 (10):

2012-2014.

[4] Ren M J, Kang Y Y, He W, et al. Origin of performance
degradation of palladium-based direct formic acid fuel
cells[J]. Applied Catalysis B: Environmental, 2011, 104
(1/2): 49-53.

[5] Wang X M, Xia Y Y. Electrocatalytic performance of Pd-
Co-C catalyst for formic acid oxidation[J]. Electrochem-
istry Communications, 2008, 10(10): 1644-1646.

[6] Hann J L, Stafford K M, Morgan R D, et al. Performance
of the direct formic acid fuel cell with electrochemically
modified palladium-antimony anode catalyst [J]. Electro-
chimica Acta, 2010, 55(7): 2477-2481.

[7] Hammer B, Ngrskov J K. Theoretical surface science and
catalysis-calculations and concepts [J]. Advances in Cataly-
sis, 2000, 45: 71-129.

[8] Ruban A, Hammer B, Stoltze P, et al. Surface electronic
structure and reactivity of transition and noble metals[J].
Journal of Molecular Catalysis A: Chemical, 1997, 115
(3): 421-429.

[9] Bligaard T, Ngrskov J K. Ligand effects in heterogeneous
catalysis and electrochemistry [J]. Electrochimica Acta,
2007, 52(18): 5512-5516.

[10] Strasser P, Koh S, Anniyev T, et al. Lattice-strain con-
trol of the activity in dealloyedcore-shell fuel cell cata-
lysts[J]. Nature Chemistry, 2010, 2(6): 454-460.

[11] Wang D S, Li Y D. Bimetallic nanocrystals: Lig-
uid-phase synthesis and catalytic applications [J] Ad-
vanced Materials, 2011, 23(9): 1044-1060.

[12] Zhang S, Shao Y'Y, Yin G P, et al. Electrostatic self-as-
sembly of a Pt-around-Au nanocomposite with high
activity towards formic acid oxidation[J]. Angewandte
Chemie International Edition, 2010, 49(12): 2211-2214.



£520 W,

. F

2012 4F

[13]

[14]

Li R’ S, Wei Z, Huang T, et al. Ultrasonic-assisted syn-
thesis of Pd-nialloycatalysts supported on multi-walled
carbon nanotubes for formic acid electrooxidation [J].
Electrochimica Acta, 2011, 56(19): 6860-6865.

Kibler L A, El-Aziz A M, Hoyer R, et al. Tuning reac-

tion rates by lateral strain in a palladium monolayer[J].

[13]

Angewandte Chemie International Edition, 2005, 44
(14): 2080-2084.

Oezaslan M, Heggen M, Strasser P. Size-dependent
morphology of dealloyed bimetallic catalysts: Linking
the nano to the macro scal[J]. Journal of the American
Chemical Society, 2012, 134(1): 514-524.

PA/Ni REEHAAREN TS & R AT RSB EN

R SRR R OR R B, R R,
KiEE A BT H AR
(1. hEPERE L S, Big 2012105 2.t EEEBEBFS A BE, JE AT 100039)

T Sl PRI 4 T PA/NG LA R AR 1 T 48 Pd I T S TR R Ni 4KRE TR I 1 SN EA: £

DAL AR Ni T Pd 1A (KRB 935 A 307 1 g

5 AT SR PA/NI AR I T B i 43

LT B T AT RAUESE T S ASHBIAFAE SR 1N X L AT 5 W] PA/Ni 4 RKE 5~ HAT AL T Pd B THIC A2 TT
SR T A0 PA/Ni GKR 5 [R5 25 R A i) P A KR FAR BE % F R LA S B 1 5 8 L AR A T 2, i L
LA RS PR W A T2 Pd 9K ST T PA/Ni XA R A 700 S T 9 E PP Rk vl e AR A Ak 59

XA o FHEA RS PP TR S A R A I P RIS A i T

HL T TR
FRERIR) : R4 Aufifl s PA/Ni W4 ; R b

a6 B
Hexe

Ni J5E7 BB S 1 Pd -3 T C A2 AN A 51



